Soybean nodulin 26 is expressed and targeted to the symbiosome membrane of nitrogen-fixing nodules, where it forms an aquaporin channel with a modest water transport rate. In this study, we show that the phosphorylation of nodulin 26 on Ser-262, which is catalyzed by a symbiosome membrane-associated calcium-dependent protein kinase, stimulates its intrinsic water transport rate. Furthermore, using a phosphospecific antibody, we have elucidated the developmental appearance and regulation of nodulin 26 phosphorylation in vivo. Although nodulin 26 protein is detected first in differentiating infected cells (16 days), phosphorylated nodulin 26 does not become pronounced until infected cell maturation (25 days). Phosphorylation is sustained at steady state levels until entry into senescence. Nodulin 26 phosphorylation is enhanced further by osmotic stresses (water deprivation and salinity). Thus, the phosphorylation of nodulin 26 coincides with the establishment of mature nitrogen-fixing symbiosomes, is regulated by osmotic stresses that induce calcium-signaling pathways, and appears to be part of the adaptive responses of infected cells to osmotic challenge.
INTRODUCTION
Under conditions of limiting soil nitrogen, legumes can be infected by bacteria of the Rhizobiaceae family, resulting in the development of a symbiotic nitrogen-fixing organ, the nodule (reviewed by Gualtieri and Bisseling, 2000; Stougaard, 2000; Hirsch et al., 2001) . During this process, the bacteria become enclosed within specialized infected cells within the core of the nodule. Most of the cytosolic volume of these cells is occupied by large numbers of organelles referred to as symbiosomes (Roth et al., 1988) . The symbiosome consists of three major components: the nitrogen-fixing rhizobia bacteroids, the external symbiosome space, and a membrane of plant origin known as the symbiosome membrane.
The symbiosome membrane is highly specialized and participates in the exchange of metabolites (the efflux of fixed nitrogen and the uptake of a carbon source in the form of dicarboxylates) between the endosymbiont and the plant host as well as serving to protect the bacteroid from plant host defense responses (Udvardi and Day, 1997; Day et al., 2001) . During the biogenesis of the symbiosome, a number of plant-encoded nodule-specific gene products (nodulins) are targeted to the symbiosome membrane, where they are presumed to aid in the establishment and maintenance of symbiosis (Fortin et al., 1985; Panter et al., 2000) . Nodulin 26 is a symbiosome membrane-specific protein that is the major protein component of this membrane (Fortin et al., 1987; Weaver et al., 1991) . Nodulin 26 is a member of the major intrinsic protein (MIP) superfamily of water and solute channels, and it confers high water permeability on the soybean symbiosome membrane (Rivers et al., 1997; Dean et al., 1999) . In addition, nodulin 26 is the major phosphorylation target for a calcium-dependent protein kinase (CDPK), which also resides on the symbiosome membrane (Weaver et al., 1991) . These multifunctional protein kinases are now recognized as the principal targets of calcium signals and catalyze the phosphorylation of multiple proteins, including membrane channels, pumps, and a number of metabolic enzymes (reviewed by Harmon et al., 2000) . Phosphorylation of nodulin 26 occurs on one residue, Ser-262, which resides within the cytosolic C-terminal tail of the protein (Weaver and Roberts, 1992) .
The findings that nodulin 26 is produced specifically during the formation of the symbiosome membrane, is a major component of this symbiotic interface, and is responsible for the high water permeability of this membrane suggest a specialized role in symbiosis, perhaps in osmoregulation (Rivers et al., 1997; Dean et al., 1999) . Furthermore, the finding that nodulin 26 is phosphorylated by a CDPK suggests that these potential activities are subject to regulation by calcium signal transduction. However, the functional effects of phosphorylation as well as the nature of the developmental and environmental signals that regulate nodulin 26 phosphorylation have remained obscure. Here, we show that the phosphorylation of nodulin 26 is accompanied by an increase in its water permeability. Furthermore, using a phosphorylation-specific antibody, we have elucidated the appearance and regulation of nodulin 26 phosphorylation in vivo. Overall, phosphorylation accompanies the maturation of the nodule and is regulated in response to os-
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RESULTS

Comparison of the Water Permeability of Wild-Type Nodulin 26 and Phosphorylation Mutants in Oocytes
Upon expression in Xenopus laevis oocytes, wild-type soybean nodulin 26 and a mutant nodulin 26, S262A, which possesses an Ala substitution at the phosphorylation site (Ser-262), showed identical water permeability properties, increasing the osmotic water permeability (P f ) of the oocyte plasma membrane between threefold and fourfold compared with controls ( Figure 1A ). Oocytes expressing wild-type and S262A nodulin 26 also showed a decrease in activation energy as well as sensitivity to Hg 2 ϩ (data not shown), consistent with proteinfacilitated water flux. Thus, the presence of a Ser or Ala at position 262 had no apparent effect on P f . Although nodulin 26 expression in oocytes resulted in facilitated water transport, the overall change in water permeability was much less than that conferred by the expression of human aquaporin 1 (Figure 1B) , consistent with the large disparity in the single-chan- Xenopus oocytes were injected with 46 ng of the indicated complementary RNA, and oocyte swelling assays were performed by videomicroscopy as described in Methods. Error bars show standard errors of the mean (n ϭ 6). (A) Representative oocyte swelling profile (inset) and calculated osmotic water permeabilities of control oocytes or oocytes expressing wild-type nodulin 26 (WT) or the Ala-262 (S262A) mutant. (B) Comparison of water permeabilities of control oocytes or oocytes expressing wild-type nodulin 26 (WT) or human aquaporin 1 (AQP1).
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Analysis of Phosphorylation Effects in Oocytes
Oocytes treated with 50 nM of the general protein phosphatase type 1 and 2A inhibitor okadaic acid (OA) showed between a threefold and fourfold increase in P f (0.00053 cm/s) compared with untreated controls (0.00013 cm/s) (Figure 2 ). Based on this result, it was proposed that nodulin 26 is a target for an oocyte protein kinase and that treatment with OA shifted the equilibrium of the protein to a phosphorylated state. Although nodulin 26 is phosphorylated in planta by CDPK (Weaver et al., 1991; Weaver and Roberts, 1992) , it is less clear which protein kinase might phosphorylate the protein in oocytes, because animal tissues lack this enzyme (Harmon et al., 2000) . Ser-262 within the hydrophilic C-terminal domain of nodulin 26 resembles sequences recognized by animal protein kinase C ␣ (PKC ␣ ) (Chakravarthy et al., 1991) . Furthermore, another MIP protein, aquaporin 0, is phosphorylated by PKC on an identically placed Ser residue within its C terminus (Lampe and Johnson, 1989) . Consistent with these observations, CK-15, a synthetic peptide substrate that contains the 14 C-terminal residues in nodulin 26, including the phosphorylation motif and Ser-262 (Weaver et al., 1991) , was phosphorylated in vitro by PKC ␣ in a manner indistinguishable from that of histone III, a commonly used substrate to assay this enzyme (Figure 3 ). In addition, the ectopic addition of PKC ␣ to isolated symbiosome membranes also resulted in the phosphorylation of nodulin 26 (data not shown). These observations suggest that nodulin 26 is a substrate for PKC and that this enzyme might be a surrogate protein kinase that phosphorylates nodulin 26 in oocytes.
To investigate this possibility further, the effects of the PKC agonist phorbol-12-myristate-13-acetate (TPA) was tested on oocytes expressing wild-type nodulin 26 or the phosphorylation null mutant nodulin 26 S262A (Figure 4) . Treatment of wildtype oocytes with either 10 nM TPA or 25 nM OA selectively enhanced the P f of wild-type oocytes but did not affect waterinjected controls or oocytes expressing nodulin 26 S262A (Figure 4) . These data strongly suggest that OA and TPA result in the phosphorylation of nodulin 26 at Ser-262 and increase water permeability. 
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Effect of Nodulin 26 Phosphorylation on the Water Permeability of Soybean Symbiosomes
Although these findings provide strong evidence for the phosphorylation regulation of nodulin 26 water flux, we tested this hypothesis further by analyzing the effects of phosphorylation on the activity of native soybean nodulin 26 in isolated symbiosome membrane vesicles ( Figure 5 ). To determine the phosphorylation status of nodulin 26, an antibody (anti-GC12P) that reacts specifically with phosphorylated nodulin 26 was generated against a peptide antigen containing the phosphorylated Ser-262 epitope. Nodulin 26 isolated from symbiosome membranes showed high reactivity with this antibody, which can be enhanced even further by incubation of symbiosome membranes with Ca 2 ϩ and ATP (which results in the phosphorylation of nodulin 26 by a symbiosome membrane-associated CDPK [Weaver et al., 1991] ) ( Figure 5A ). Incubation of symbiosome membranes with calf intestinal phosphatase resulted in the loss of the protein gel blot signal with the phospho-specific anti-GC12P antibodies, whereas the overall immunoreactivity with anti-nodulin 26 antibodies was not affected ( Figure 5B ). Thus, treatments for the preparation of phosphorylated and dephosphorylated nodulin 26 were established.
Analysis of the stopped-flow properties of the vesicles after these treatments showed that dephosphorylation of nodulin 26 was accompanied by a 70% reduction in symbiosome membrane water permeability (from a P f of 0.019 cm/s [ SEM ϭ 0.0025] to 0.007 cm/s [ SEM ϭ 0.0019]) ( Figure 6 ). Overall, these data support the findings with oocytes and suggest that the phosphorylation of nodulin 26 enhances its water permeability.
Nodulin 26 Phosphorylation Is Regulated Developmentally and by Osmotic Stress
To assay the amount of nodulin 26 and its phosphorylation state in soybean nodule samples, membrane samples from developing soybean nodules were assayed by protein gel blot analysis with anti-nodulin 26 and anti-GC12P antibodies (Figure 7) . Nodulin 26 protein became apparent at 16 days after planting, accumulated rapidly, and was sustained at a high level throughout the lifetime of the nodule (Figure 7) . However, the phosphorylation of nodulin 26 lagged behind its appearance and did not reach a peak until 25 days after inoculation, at a time when nodules matured and were fully developed ( Figure  8 ). Phosphorylation patterns remained high until very late developmental stages (after flowering), at which time they were virtually undetectable, even though high levels of nodulin 26 still were present ( Figure 7 ).
Microscopic examination of developing nodules revealed that between 13 and 16 days after inoculation, a central infection zone was apparent with immature, differentiating infected cells, which showed the vesiculation of the large central vacuole and small numbers of symbiosomes that contained single bacteroids (Figure 8 ). By contrast, at 25 days, nodules showed larger differentiated infected cells with greater numbers of symbiosomes containing mature bacteroids, as indicated by the accumulation of poly-␤ -hydroxybutyrate granules ( Figure  8) . Overall, the developmental pattern suggests that nodulin 26 protein production occurs early in symbiosome biogenesis and that phosphorylation lags behind its synthesis, becoming apparent in mature, functional nitrogen-fixing symbiosomes.
Because calcium signaling has been implicated in plant responses to osmotic signals (Knight et al., 1997) , and considering the high sensitivity of nodules to osmotic stress signals (Pankhurst and Sprent, 1975; Weisz et al., 1985; Serraj et al., 1994) , the effects of salinity stress on nodulin 26 phosphorylation in mature nodules were addressed. Exposure of 33-dayold nodulated soybeans to saline conditions (0.3 M NaCl) resulted in no detectable change in the overall levels of nodulin 26 protein ( Figure 9A , anti-nodulin 26 signal), whereas the phosphorylation levels of the protein ( Figure 9B , anti-GC12P signal) were enhanced as early as 4 h after treatment and remained high at 24 h after stimulus. Water deprivation of nodules showed similar results, with little change in nodulin 26 protein levels, whereas phosphorylation levels increased threefold (Figure 10 ). Interestingly, younger plants ( Ͻ 21 days) that showed low endogenous levels of phosphorylated nodulin 26 also lacked the ability to respond to salinity stress, suggesting that phosphorylation under normal or stress conditions was acquired only after nodule maturation (data not shown). Overall, these results show that the phosphorylation of nodulin 26 is dependent on the developmental state of the nodule and is enhanced by osmotic stress stimuli (drought or salinity).
DISCUSSION
Nodulin 26, among the first plant MIPs to be identified (Sandal and Marcker, 1988) , is unique in that it is expressed solely in nitrogen-fixing legume nodules, where it is targeted specifically to the symbiosome membrane (Fortin et al., 1987; Weaver et al., 1991) , the interface of bacteria-plant symbioses. Nodulin 26 is structurally and functionally distinct from other plant MIPs and is the archetype of a subfamily of plant MIPs known as the nodulin-like intrinsic membrane proteins (NIPs) (Johanson et al., 2001) . NIPs are expressed in vegetative and reproductive tissues of nonlegumes (Weig et al., 1997; Johanson et al., 2001) , suggesting a larger role in plant water relations than the symbiotic role of nodulin 26. Nodulin 26 (Rivers et al., 1997; Dean et al., 1999) and other NIP proteins (Weig et al., 1997; Guenther and Roberts, 2000; Weig and Jakob, 2000) share the general properties of multifunctional transport of water and uncharged solutes such as glycerol and have a low rate of water transport compared with most water-selective aquaporins (Rivers et al., 1997; Dean et al., 1999) . Homology modeling based on MIP crystal structures (Fu et al., 2000; Sui et al., 2001 ) reveal a unique "hybrid" signature of four amino acids within the selectivity filter of the NIP pore that are proposed to account for these transport properties (Wallace et al., 2002) .
Numerous MIP proteins are subject to phosphorylation, and the effects on activity are varied, ranging from the stimulation 
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The Plant Cell (e.g., the plant MIPs ␣ TIP [Maurel et al., 1995] and PM28A [Johansson et al., 1998 ]) to the inhibition of water transport (e.g., mammalian AQP4 [Han et al., 1998; Zelenina et al., 2002] ) and alterations in water permeability by affecting membrane trafficking and subcellular localization (e.g., AQP4 [Madrid et al., 2001] and AQP2 [Nielsen et al., 1995; Fushimi et al., 1997] ). The present study shows that phosphorylation of nodulin 26 enhances its water permeability both upon expression in Xenopus oocytes and in symbiosome membrane vesicles. This finding supports the previous observations of Niemietz and Tyerman (2000) that the incubation of symbiosome membrane vesicles with ATP coincides with an increase in P f . An examination of the C-terminal region of other NIPs shows that a subset possess a conserved CDPK phosphorylation sequence similar to that of nodulin 26 (Table 1) . This observation, and the present findings with nodulin 26, suggest that phosphorylation by CDPK may be a common mechanism for the regulation of plant NIPs, an important feature considering their proposed low intrinsic water permeability.
Using a specific antibody against the phosphoepitope of nodulin 26, we established the appearance of phosphorylated nodulin 26 during nodule organogenesis. Consistent with its characterization as a late nodulin gene based on mRNA expression data (Fortin et al., 1987) , nodulin 26 protein appears in the immature infected cell, coinciding with the endocytosis of the bacteroids and enclosure into symbiosomes. During this period of nodule organogenesis, there is a concomitant breakdown of the central vacuole and a large increase in membrane biosynthesis to accommodate the expanding infected cell and symbiosome membrane production (Verma and Hong, 1996) . The phosphorylation of nodulin 26 lags behind its synthesis and coincides with the maturation of the infected cell and bacteroid differentiation, consistent with the onset of nitrogen fixation. Under normal physiological conditions, nodulin 26 phosphorylation levels are maintained at a steady state level until very late stages (after flowering), when nodule senescence normally ensues as a result of the diversion of photosynthate for reproductive functions (Sutton, 1983) . Overall, these data argue that nodulin 26 production accompanies the formation of the symbiosome membrane and that nodulin 26 is an integral component of the symbiosome throughout the lifetime of the nodule. However, phosphorylation is manifested in mature differentiated soybean nodules only before entry into senescence.
Phosphorylation during this middle phase of nodule development is maintained at a relatively constant level but is stimulated further by two environmental stresses: salinity and drought. These osmotic stress signals induce a calcium-signaling response in plants (Knight et al., 1997) . Part of the response involves an increase in the expression of CDPKs (Urao et al., 1994) , which are among the calcium-signaling targets involved in salt and drought stress adaptation (Sheen, 1996; Saijo et al., 2000) . MIP proteins are subject to regulation by drought and salinity, but this regulation usually is exhibited by changes in gene expression, leading to alterations in the levels or localization of plant MIP proteins (Johansson et al., 2000; Maurel et al., 2002; Tyerman et al., 2002) . By contrast, we found that nodulin 26 protein levels did not change in response to osmotic stress but that phosphorylation levels were altered. In this manner, nodulin 26 is similar to the PM28A plasma membrane intrinsic protein of spinach, which shows enhanced water permeability upon phosphorylation and is stimulated by changes in water potential (Johansson et al., 1998) .
What is the physiological significance of nodulin 26 phosphorylation with regard to nodule physiology and membrane function? The inner volume of the infected cell is largely occupied by symbiosomes. The calcium-dependent phosphorylation of nodulin 26 is predicted to increase the water permeability of the symbiosome membrane. Under conditions of normal nodule physiology, this would attenuate the rate of water or solute flux in response to the changing osmotic conditions and metabolism of the symbiosome and the infected cell. This could serve an osmoregulatory function to buffer the volume of the infected cell cytosol to changes in external osmolarity by mediating the rapid reversible uptake and release of water. In addition, nodule development and maintenance are extremely sensitive to environmental and metabolic stresses. Osmotic stress results in morphological and biochemical changes that lead to the rapid cessation of nitrogen fixation (Pankhurst and Sprent, 1975; Weisz et al., 1985; Serraj et al., 1994) , the induction of genes involved in stress adaptation (Delauney and Verma, 1990) , and the accumulation of compatible solutes such as Pro and sugars, presumably to restrict water loss (Kohl et al., 1991; Irigoyen et al., 1992) . Changes in membrane permeability coordinated with the accumulation and compartmentation of compatible solutes may be part of the osmotic adjustment, aiding in the maintenance of cell turgor and redirecting tissue water flow toward critical cells (Bohnert et al., 1995) . Thus, the increase in the phosphorylation of nodulin 26 in response to salinity may represent part of a larger adaptation response of nodules to osmotic stress. 
METHODS
Molecular Cloning Techniques/Xenopus Oocyte Expression
The soybean ( Glycine max ) nodulin 26 wild-type cDNA and phosphorylation null mutant with a substitution of an Ala for Ser-262 (S262A) were generated as described previously (Lee et al., 1995) and were cloned downstream of the T3 promoter of the pXBG-ev1 Xenopus laevis expression vector (Preston et al., 1992; Rivers et al., 1997; Dean et al., 1999; Guenther and Roberts, 2000) . Capped nodulin 26 complementary RNA was generated by in vitro transcription with T3 RNA polymerase, and stage-V and -VI oocytes from Xenopus were injected with 46 ng of complementary RNA or an equivalent volume of sterile water (negative control) and were cultured at 18 Њ C in frog Ringer's solution (96 mM NaCl, 2 mM KCl, 5 mM MgCl 2 , 5 mM Hepes-NaOH, pH 7.6, 0.6 mM CaCl 2 , and 200 mosmol/kg) supplemented with 100 g/mL penicillin-streptomycin and 50 g/mL tetracycline for 3 days before assay (Guenther and Roberts, 2000) . The osmotic water permeability of Xenopus oocytes was determined at 18 Њ C by video microscopic imaging of oocytes placed in 30% hypoosmotic (60 mosmol/kg) frog Ringer's solution (Guenther and Roberts, 2000) . The rate of swelling, (dV/V 0 )/dt, was used to determine the osmotic water permeability (P f ):
( 1) where V 0 is the surface area of the oocyte at time 0, osm in is the osmolarity in the oocyte, osm out is the osmolarity of the bath medium, V w is the partial molar volume of water (18 cm 3 /mol), S real is the actual surface area of the oocyte, and S sphere is the area calculated by assuming that the oocyte is a sphere. Based on morphological estimates, an S real /S sphere value of 9 was used to correct for the increase in the surface area of the oocyte plasma membrane caused by the presence of folds and microvilli (Zampighi et al., 1995) .
To test the effects of phorbol esters or okadaic acid, oocytes were incubated in 100% Ringer's solution containing either 10 nM phorbol-12-myristate-13-acetate (Calbiochem) or 25 to 50 nM okadaic acid (Calbiochem) for 30 min before assay.
Plant Growth and Treatments
Soybean (cv Bragg) was germinated and inoculated with Bradyrhizobium japonicum USDA110, grown in growth chambers (18-h light period, 21ЊC/6-h dark period, 19ЊC) in vermiculite, and watered during alternative weeks with water or Herridge's solution as described previously (Weaver et al., 1991; Guenther and Roberts, 2000) . Drought stress was administered by withholding water from 28-day-old soybean plants. Control plants were grown under identical conditions except that the Herridge's solution/water regime was maintained. Salinity stress was administered by watering nodulated soybean plants with 0.3 M NaCl (Weig et al., 1997) . Nodules were collected, quick-frozen on dry ice, and stored at Ϫ80ЊC until membrane extraction and analysis.
Symbiosome Membrane Isolation and Assay
Symbiosomes were isolated from 28-day-old nodules by a Percoll step gradient method (Weaver et al., 1991) . Symbiosome membrane vesicles were prepared and loaded with 20 mM carboxyfluorescein, 25 mM 3-(N-morpholino)-propanesulfonic acid (Mops)-NaOH, pH 7.0, 3 mM MgSO 4 , and 200 mM mannitol (262 mosmol/kg) (Rivers et al., 1997) . The P f of symbiosome membrane vesicles was determined by abruptly doubling the osmolarity of the extravesicular solution by injection into an equal volume of 25 mM Mops-NaOH, pH 7.0, 3 mM MgSO 4 , and 700 mM sucrose and monitoring the time-dependent quenching of entrapped carboxyfluorescein by stopped-flow measurements with a BioLogic (Claix, France) model SFM-3 fluorimeter with a MPS-51 power supply fitted with a TC-100/10 cuvette, 15-mL syringes, and a HDS mixer; this apparatus was run at a total flow rate of 2 mL/s (80 L/injection) with a measured dead time of 7 ms (Dean et al., 1999) . The fluorimeter was controlled by Bio-Kine Software V3.20 (Claix, France), and fluorescence data ( ex ϭ 490 nm, emission filtered with a 515-nm cutoff filter) were collected (1000 points) at time intervals of 0.1 and 1 ms. At least 10 individual traces were averaged to reduce the signal-to-noise ratio and were fitted to a single exponential, and the amplitude and end-point values were used to relate relative fluorescence to relative volume based on a linear relationship between fluorescence and intravesicular volume (Harris et al., 1990) and the assumption that the internal volume of the vesicle reaches 50% of the initial volume at the end of the experiment. The P f was calculated from the time course of relative fluorescence as described previously (Rivers et al., 1997; Dean et al., 1999) using the osmotic water permeability equation:
( 2) where V(t) is the relative volume of the vesicles at time t, P f is osmotic water permeability, SAV is the vesicle surface area-to-volume ratio, V w is the molar volume of water (18 cm 3 /mol), and osm in and osm out are the initial osmolarities of the solution inside and outside the vesicle, respectively. SAV was calculated from vesicle diameters determined by 90Њ light-scattering intensity using a Brookhaven Instruments model NY) .
For analysis of the effects of phosphorylation on P f , isolated vesicles (13.1 g protein/mL) were incubated at 30ЊC for 30 min in either 25 mM Mops-NaOH, pH 7.0, 3 mM MgSO 4 , 200 mM mannitol, and 3 mM ATP or 25 mM Mops-NaOH, pH 7.0, 3 mM MgSO 4 , 200 mM mannitol, and 30 units/mL calf intestinal phosphatase (Promega). The level of phosphorylation was assessed by protein gel blot analysis using a phosphorylation-specific antibody as discussed below. For analyses of the phosphorylation state of nodulin 26 during nodule development and in response to stress stimuli, a modification of the membrane purification protocol of Christiansen et al. (1995) was adopted. Nodules were ground on ice with a pestle in 250 mM sucrose, 50 mM Hepes-KOH, pH 7.5, 20 mM EDTA, 20 mM EGTA, 10 mM NaF, 5 mM sodium orthovanadate, 1% (w/v) polyvinylpyrrolidone-40, 20 mM isoascorbic acid, 0.2% (w/v) BSA, 5 mM DTT, 5 g/mL leupeptin, and 0.5 mM phenylmethylsulfonyl fluoride. Extracts were centrifuged at 100g for 10 min. The supernatant then was passed through a 25-gauge needle three times and was centrifuged at 700g for 20 min. The 700g supernatant then was centrifuged at 100,000g for 1 h. The pellet was resuspended in 100 L of 330 mM sucrose, 5 mM potassium phosphate, pH 7.8, 2 mM EDTA, 2 mM EGTA, 10 mM NaF, 5 mM sodium orthovanadate, 5 g/mL leupeptin, and 0.5 mM phenylmethylsulfonyl fluoride. Samples were frozen in dry ice and stored at Ϫ80ЊC until protein gel blot analyses.
Immunochemical Techniques
Phosphorylation-specific antibodies against nodulin 26 were prepared in New Zealand White rabbits using the GC12P synthetic peptide (Sigma Genosys) containing the phosphorylation epitope CEITKNVS(PO 4 ) FLKG. GC12P peptide was dissolved in 0.4 mL of 50 mM NaPO 4 , pH 7.2, and was coupled covalently via its sulfhydryl group to keyhole limpet hemocyanin that was preactivated with m-maleimidobenzoyl N-hydroxysuccinimide (MBS) (Pierce Endogen Chemicals, Rockford, IL). Antibodies were prepared against the conjugate (100 g) by immunization of New Zealand White rabbits as described by Weaver et al. (1991) . Antibodies against nonphosphorylated epitopes were removed by passing anti-GC12P serum (1 mL of serum per 0.5 mL of resin) over an agarose resin with an immobilized peptide with the same sequence lacking a phosphoserine (CREITKNVSFLKGI). Affinity purification of the remaining antibodies was performed on a second resin with immobilized GC12P as described by Harlow and Lane (1988) . Column eluents were concentrated and exchanged into 10 mM NaPO 4 , 0.14 M NaCl, and 0.01 M KCl, pH 7.2 (PBS) using a Centricon 10 ultrafilter (Amicon, Beverly, MA). The final product was stored at Ϫ20ЊC. Resins containing peptides were generated by covalently coupling to -aminohexyl agarose (Sigma) by m-maleimidobenzoyl N-hydroxysuccinimide (Pierce Endogen Chemicals) using the general approach described by Weaver et al. (1991) . Antibodies to full-length soybean nodulin 26 were prepared as described previously .
Protein gel blot detection was performed by a modification of previous methods (Weaver et al., 1991; Zhang and Roberts, 1995) . After SDS-PAGE on 12.5% (w/v) polyacrylamide gels, protein or membrane sam- Nod 26
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ples were transferred electrophoretically to Immobilon-P polyvinylidene fluoride membranes (Millipore, Bedford, MA). Blotted membranes were blocked for 2 h in 10% (w/v) nonfat dry milk and 1% (v/v) goat serum in PBS. Primary antibody and secondary antibody (0.2 g/mL horseradish peroxidase-coupled goat anti-rabbit IgG) incubations were performed for 1 h at 37ЊC in PBS, 0.5% (w/v) nonfat dry milk, and 1% (v/v) goat serum. After antibody incubations, the membranes was washed with PBS and 0.05% (v/v) Tween 20 and then with a final wash of PBS, 0.05% (v/v) Tween 20, 0.05% (w/v) SDS, and 0.1% (w/v) Triton X-100 at room temperature with three changes. Chemiluminescent detection was performed by incubation of membranes with 10 mL of 1.25 mM luminol, 0.2 mM p-coumaric acid, and 0.009% (v/v) hydrogen peroxide in 0.1 M TrisHCl, pH 8.5, followed by autoradiography.
Analytical Methods
Protein kinase assays were performed as described by Weaver et al. (1991) using a synthetic peptide that contains the C-terminal 14 amino acids of soybean nodulin 26, including the unique site of phosphorylation, Ser-262 (Weaver et al., 1991; Weaver and Roberts, 1992) . Reactions (50 L) consisted of peptide substrate (7.2 g), 1 mM ␥-32 P-ATP (500 dpm/pmol), 25 mM Mops-NaOH, pH 7.0, 10 mM magnesium acetate, 0.2 mM CaCl 2 , 0.2 mM ATP, 20 g/mL L-␣-1,2-dioleoylglycerol, 100 g/mL phosphatidylserine, and 4.5 ng of recombinant human protein kinase C (Panvera, Madison, WI). Assays were performed at 30ЊC for 30 min, and the incorporation of phosphate was determined as described previously (Weaver et al., 1991) . The osmolarity of all solutions was determined by freezing-point depression using the Osmette S Automatic Osmometer (Precision Systems, Natick, MA). Protein analyses were performed using the bicinchoninic acid assay (Pierce Endogen Chemicals). For microscopy, nodules were dissected into 2-to 3-mm pieces with a razor blade and placed into Carson's formalin fixative (Fisher Scientific) at 4ЊC. The tissue samples then were washed in water and postfixed for 90 min in 50 mM potassium phosphate, pH 6.8, and 2% (w/v) osmium tetroxide. After several rinses in distilled water, the samples were dehydrated in a graded acetone series and infiltrated with Spurr's resin. A Reichert Om-U3 ultramicrotome (Wetzlar, Germany) was used to cut semithin (1 m) and thin sections. Semithin sections were adsorbed to glass slides and stained with 1% (w/v) toluidine blue in 1% (w/v) borax for 1 min and then examined with a Nikon Eclipse 600 microscope (Tokyo, Japan) using bright-field optics. Thin sections were picked up on uncoated 400-mesh thin-bar copper grids, stained sequentially with saturated uranyl acetate in 50% (v/v) methanol and lead citrate, and examined with a Hitachi H-800 transmission electron microscope (Tokyo, Japan) at 100 kV.
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